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Magnetic properties of BiFeO3 �BFO� single crystals with rhombohedral symmetry �R3c� were measured in
the temperature range of 4.2–350 K. Zero field cooled �ZFC� and field cooled magnetization curves split
below 250 K with a sharp cusp around 50 K in the ZFC curves revealing spin-glass behavior in BFO single
crystals. The observed coercive field increases with decreasing temperature, suggesting week ferromagnetism
below �10 K and spin glass behavior below �120 K. The cusps around the freezing temperature �Tf����
which are frequency dependent confirm the spin-glass behavior in BFO single crystals with spin freezing
temperature �TSG=29.4�0.2 K�. The critical exponent z�=1.38 agrees rather well with experimental values
in LaMn0.5Fe0.5O3 �z�=1.0� �K. De et al., J. Appl. Phys. 99, 13908 �2006�� and the mean field theory
�z�=2.0� of Kirkpatrick and Sherrington �Phys. Rev. B 17, 4384 �1970��.
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I. INTRODUCTION

Magnetoelectric materials that are multiferroic exhibit
ferroelectric �or antiferroelectric� properties in combination
with the ferromagnetic �or antiferromagnetic� properties.1–3

However, the ground states are not necessarily coupled, but
they might exhibit various novel properties, such as a varia-
tion in the remanent electrical polarization under applied
magnetic fields or magnetization change under applied elec-
tric fields. BiFeO3 �BFO� is known to be one of very few
materials that exhibit multiferroism at room temperature.

Bulk BiFeO3 is a rhombohedrally distorted ferroelectrics
perovskite �Tc�1100 K� with the space group R3c �Ref. 4�.
The rhombohedral unit cell parameters are a=5.63 Å and
�=89.35°. BiFeO3 shows G-type antiferromagnetism up to
643 K �TN�,5 where all the neighboring magnetic moments
are oriented antiparallel to each other. In addition, the axis
along which the spin are aligned rotates throughout the crys-
tal, resulting in a spiral spin structure with a large period of
�620 Å, which is incommensurate with the lattice
parameter.4,5 The existence of modulated magnetic structure
in BFO has been experimentally confirmed by neutron dif-
fraction, Mössbauer spectroscopy, NMR, and EPR studies
but with some controversies.4–8

The magnetic structure of BiFeO3 is different from other
antiferromagnets in that the inversion symmetry is absent in
this crystal and magnetic structure. This circumstance pro-
duces unusual properties, such as modulated magnetic struc-
ture and a linear magnetoelectric effect with weak
ferromagnetism.9 The linear magnetoelectric effect in BFO is
also an important physical property, and according to Refs.
10–12, it disappears in the presence of modulated magnetic
ordering with R3c structure. However, the spiral component
and modulated structure are absent in thin films, resulting in
weak ferromagnetism13 and an antisymmetric magnetoelec-
tric tensor �21=−�12. Wang et al.14 fabricated BFO films that
exhibited enhanced thickness-dependent magnetism com-
pared to the bulk. A more recent study, however, argues15

that this compressive epitaxial strain does not enhance the

magnetization in BFO. The weak ferromagnetism in BFO
was originally inferred by Smolenskii and Yudin16 but it also
remains controversial. In order to study the magnetic prop-
erties of BFO at low temperature, Nakamura et al.17 pre-
dicted a spin-glass freezing behavior in BFO at low tempera-
tures. In recent years, several authors report the magnetic
behavior of BFO at low temperature and observe a dramatic
change below 200 K.18–20 As an example, Park et al.20 in-
ferred that the anomalous magnetization behavior in BFO
nanoparticles arises from a complex interplay between the
finite size effects, interparticle interaction, and a random dis-
tribution of anisotropy axis in nanoparticle assemblies.

In this paper, we investigate the magnetic properties of
BFO single crystal grown by flux method. The observed zero
field cooled �ZFC� and field cooled �FC� magnetization
curves reveal a spin-glass behavior at low temperatures. The
spin-glass behavior in BFO is also supported by the obser-
vation of a cusp at the freezing temperature, which decreases
with increasing frequencies in the ac susceptibility data. The
magnetization in BFO was measured with an applied mag-
netic field, and the results indicate weak ferromagnetism in
BFO at 5 K.

II. EXPERIMENTAL DETAILS

A single crystal of BiFeO3 was prepared by employing a
flux method. The flux materials Bi2O3 and Fe2O3 were mixed
and annealed in a platinum crucible at 820 °C for 12 h in air.
After annealing, the melt was cooled to 720 °C at a rate of
1 °C /h with continuous rotation of crucible with 30 rpm.
Many pieces of the single crystal with a pseudocubic dimen-
sion of 1.0�1.0�0.5 mm3 were obtained. To examine the
structure and orientation of the BFO single crystal, x-ray
diffraction �XRD� experiments of polycrystalline powder
�obtained by crushing the single crystal� and BFO single
crystal were carried out, and their results are shown in Figs.
1�a� and 1�b�, respectively. As presented in Fig. 1�a�, the
crystals display a rhombohedral �hexagonal� structure with-
out any impurity phase. The XRD pattern of the major phase
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of single crystal is exclusively characterized by the �001�cubic
or �012�rhombohedral reflections, as presented in Fig. 1�b�. For
the magnetization measurements, we have used a supercon-
ducting quantum interface device based magnetometer
�Quantum Design MPMS-5�. These measurements were car-
ried out by cooling the sample to the desired temperature in
the presence or absence of applied magnetic field. The ori-
entations of magnetic field during the field cooled measure-
ment remain the same.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. dc susceptibility

Figure 2 displays the ZFC and FC magnetizations of the
BFO single crystal. These measurements were performed uti-
lizing 10 000 Oe magnetic field. During the measurements,
an external magnetic field of 10 kOe �1 T� was applied par-
allel to the �111�c direction. The magnetization induced
along the in-plane direction which is perpendicular to �111�c
�i.e., �001�h� was measured because the magnetization easy
axis of R3c BFO is parallel to �110�h which is vertical to
�001�h.12 As seen in Fig. 2 recorded in the temperature range
of 350–150 K, the ZFC and FC magnetization values de-

crease with decreasing the temperature, which is consistent
with conventional antiferromagnetic material. The ZFC and
FC curves start to split below 250 K and a divergence be-
tween the ZFC and FC magnetization curves increases with
decreasing the temperature. The splitting of ZFC and FC
magnetizations at low temperature reveals spin-glass transi-
tion in BFO single crystal. As the temperature decreases be-
low �150 K, ZFC and FC magnetizations increase gradually
with decreasing temperature, and ZFC shows an anomalous
behavior below 100 K. These experimental results indicate
that a change in spin ordering at low temperature may be due
to spin reorientation in BiFeO3 single crystal like other
orthoferrites.21,22

The behaviors of magnetization with temperature are
good agreement with electromagnon in study in BFO single
crystal.23,24 In Ref. 23, we find that in the monoclinic mag-
netic phase �rhombohedral crystallographic phase�, we see
both sigma �ferromagnetic magnon� and gamma �antiferro-
magnetic magnon� modes at 18.3 and 26.4 cm−1 �80 K�, and
that they are very similar to those two branches in orthofer-
rites such as ErFeO3.21 However, at exactly 200 K, there is
an abrupt change in the frequency and intensity of the sigma
mode, and the gamma mode disappears. This suggests a spin
reorientation, as is common in orthoferrites. Therefore, there
appear to be subtle and unpredicted magnetic changes going
on in the region of 200 K, far below TN=640 K and these
may influence the spin-glass behavior we see initially on
cooling at 120 K.

In the ZFC curve, we also observed a sharp cusp around
50 K, which is similar to the observed blocking temperature
TB in antiferromagnetic material �-Fe2O3 at 72 K.25 This
temperature is defined as a typical blocking process of an
assembly of superparamagnetic spins and is qualitatively re-
lated to the presence of small particles, domains or domain
walls in the system.25 Similar features in the ZFC and FC
magnetization curves at low temperature were reported re-
cently in bulk and in 245 nm particle size of BFO.20 Both
curves �FC and ZFC� show sudden jumps in magnetization at
5 K, indicating a weak ferromagnetic behavior in BFO single
crystal.

B. ac susceptibility

In order to understand the origin of the spin-glass behav-
ior and the freezing temperature as observed in dc magneti-
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FIG. 1. �a� �-2� XRD pattern of a polycrystalline BiFeO3 �ob-
tained by crushing the single crystal�. �b� ��-2�� XRD pattern of
major phase of BiFeO3 single crystal.
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FIG. 2. �Color online� Temperature dependence of the dc mag-
netization �ZFC and FC� of BiFeO3 single crystal.
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zation data �also predicted in Refs. 17–20�, we measured the
ac susceptibility of BiFeO3 single crystal with varying the
frequencies �f� from 10 to 100, 300, 500, 700, and 1000 Hz.
In a spin glass system, a magnetic spin experiences random
interaction with other magnetic spins, resulting in a state that

is highly irreversible and metastable. The ac susceptibility
measurement is particularly important for spin glasses be-
cause it determines the freezing temperature accurately.26,27

The magnitude ��T�, real component ���T� �in phase�, the
imaginary component ���T� �out of phase�, and ac suscepti-
bility were measured as a function of frequency �Figs. 3 and
4�. From ac susceptibility measurements, we observed that at
low temperature ��T�, ���T�, and ���T� curves exhibited a
sharp peak at spin glass transition temperature Tf���, which
is frequency dependent. The observed nonzero out-of-phase
component in ��T� below the spin glass freezing temperature
is due to the irreversibility in the spin glass. The peak tem-
perature Tf��� shifts toward higher temperatures, and the
height of frequency cusps increases with increasing fre-
quency. The location of the peaks is dependent on the fre-
quency of the ac susceptibility measurement, a feature that is
not present in any other antiferromagnetic or ferromagnetic
long-range order system; thus, it confirms the spin glass be-
havior of BFO single crystal. From Figs. 4�a� and 4�b�, the
Tf��� values for observed cups in ���T� are found to be
slightly higher than ���T�, which is very common in conven-
tional spin-glass systems. The most important result of the ac
susceptibility measurement is the negative cups at Tf in the
imaginary of ac susceptibility ���T� �Fig. 4�b��, which may
arise from the modulated magnetic structure. Such behavior
was also reported for in the superconductor materials but was
not observed in conventional spin glass materials. In addi-
tion, we also observed small cups in susceptibility measure-
ment between temperature range of 50–80 K for higher ap-
plied frequencies �	500 Hz�. These cusps are may be
originate from the superparamagnetic spins in the system, as
we observed in ZFC measurement in Fig. 2. The low-
temperature resistivity of BiFeO3 is about 109 
 cm, and the
dielectric constant is about 50. Therefore, including the per-
mittivity of free space, the RC-time constant for BiFeO3
specimens is close to 0.03 s, independent of geometry.
Hence, a mechanical resonance is expected near f =30 Hz,
exactly in the middle of our measurement range. This could
be responsible for the increase in ac susceptibility with in-
creasing frequency.

The value of the frequency sensitivity K of Tf��� has been
used as a possible distinguishing factor for the presence of
spin-glass phase and is defined as in Refs. 26 and 27. K
=�Tf /Tf� log � and Tf��� vs log � are shown in Fig. 3�b�.
The calculated K value for BFO single crystal is 0.0144,
which is higher than the conventional spin-glass system
��10−2–10−3� but slightly smaller than the superparamag-
netic state �10−1–10−2�.27 Using these criteria, we conclude
that the BFO single crystal belongs to a different class of
spin glass material. In order to study the critical temperature
for spin glass nature in this system, we utilized the conven-
tional critical spin dynamics.28,29 This dependence of Tf���
on frequency �f� is well described by the conventional criti-
cal “slowing down” of the spin dynamics29 as described by

�

�0
 �Tf − TSG

TSG
�−z�

, �1�

25 50 75 100 125

2.0x10-5

4.0x10-5

6.0x10-5

8.0x10-5

1000Hz
700Hz
500Hz
300Hz
100Hz
10Hz

χ
(a
rb
.u
ni
ts
)

T (K)

Log10[(Tf - TSG)/TSG]

L
og

10
(τ
m
ax
)(
K
)

-2.2 -2.0 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6

-1.0

-1.5

-2.0

-2.5

-3.0

10 100 1000

26

28

30

32

ω/2π

T f
(K
)

(a)

(b)

(c)

FIG. 3. �Color online� �a� Temperature dependent ac suscepti-

bility �magnitude� ��T�=	����2+����2 of BiFeO3 single crystal un-
der different frequencies from 10 to 1000 Hz. �b� Tf��� is plotted
as a function of log �. �c� log10 f is plotted as a function of
log10��Tf −TSG� /TSG�.
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where � f−1, TSG is the critical temperature for spin glass
ordering which is equivalent to the Tf��� at f →0, z� is a
constant component, and �0 is the characteristic time scale
for the spin dynamics. The agreement with Eq. �1� is shown
in Fig. 2�c�, where log10 f is plotted as a function of
log10��Tf −TSG� /TSG�. The best fit to the form shown in
Eq. �1� is obtained by choosing the value of critical tempera-
ture for spin glass ordering TSG=29.4�0.2 K, which mini-
mized the least square deviation from a straight line fit. The
value of log10 �0=4.1�0.1 and z�=1.4�0.2 are then ex-
tracted from the intercept and the slope, respectively. The
observed z� for BiFeO3 single crystal is very similar to those
in La0.5Mn0.5FeO3, which is characterized as a non classical
spin glass compounds.30

BiFeO3 is not a conventional ferromagnet or antiferro-
magnet, but rather a G-type long-range wavelength spiral;
therefore, the dynamic exponent z� describing its spin glass
behavior might be expected to differ from that of 9.0–10.0
found experimentally31 or 7.0–8.0 found theoretically32 for
Ising systems. Our value of 1.38 is much closer to that of 2.0

known for mean field or hydrodynamic models,33 which may
be due to the long-range Coulombic contributions to the
electromagnons, which are not pure spin waves.22,23 Expo-
nents due to diffusion are also not unreasonable since both
Ogielski31 and S. Kirkpatrick and co-workers32 argued that
the physical mechanism responsible for Eq. �1� is diffusion.
In this respect, we note that the negative cusp in susceptibil-
ity is also highly unusual among magnetic spin glasses and is
more reminiscent of phenomena in superconductors. This
might also arise from spin diffusion. We note parenthetically
that creep in other ferroelectrics has been described in terms
of critical exponents varying from ��=0.5–1.0�33 and that a
diffusion model was shown to be applicable in such cases.
Hence, a possible interpretation of our exponent z� is that it
arises from the diffusion of domain walls. The domain walls
in BiFeO3 are known to involve both ferroelectric and ferro-
magnetic properties.34 The magnetic domain walls in magne-
toelectric, multiferroic materials, such as BiFeO3, are com-
plicated and can in general be electrically charged, as shown
by Mostovoy.35

C. Magnetic hysteresis curve

The magnetization of BFO single crystal as a function of
magnetic field M�H� under the ZFC at various temperatures
have also been measured. At higher temperatures, the mag-
netization curves show the antiferromagnetic feature, as ex-
pected. The M-H curve deviates from a linear relation and
bends more as temperature decreases below the freezing tem-
perature. The experimentally observed M-H curve at 5 K
and the coercive field at different temperatures are shown,
respectively, in Fig. 5 and its inset. The observed M-H curve
at 5 K reveals weak ferromagnetism in BFO single crystals
due to spin freezing. It is also observed in the hysteresis
curve at 5 K, which did not show the saturation in fields up
to 6000 Oe like other conventional spin glass systems. We
also observed that the coercive field increases gradually be-
low �120 K and abruptly below spin freezing temperature
��TSG� with decreasing the temperature. This indicates an
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FIG. 4. �Color online� �a� Temperature dependence of in phase
ac susceptibility ���T� of BiFeO3 single crystal under different fre-
quencies from 10 to 1000 Hz. �b� Temperature dependence out of
phase ac susceptibility ���T� of BiFeO3 single crystal under differ-
ent frequencies from 10 to 1000 Hz.
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intrinsic magnetic transition in this system at low tempera-
tures because in conventional antiferromagnets or ferromag-
nets, the coercive field is attributed to the blocking of the
domain wall motion.

IV. CONCLUSION

We measured the ZFC and FC magnetizations, and mag-
netizations, and magnetization �M-H� in BFO single crystal
with rhombohedral symmetry R3c and inferred spin-glass
behavior below 120 K. The spin-glass ordering in BFO
single crystal was also confirmed by the ac susceptibility
measurements, in which the observed peak temperature
Tf��� shifted toward higher temperature with increasing fre-
quency. The observed ac susceptibility data suggested that a
mean-field hydrodynamics diffusion model may be appli-
cable to explain the spin glass transition in BFO single crys-

tal. The magnetization and coercive measurements also re-
vealed spin-glass nature and weak ferromagnetism in BFO
below TSG=29.4�0.2 K.

A final question concerns the ratio of Néel temperature to
spin-glass temperature. Campbell and co-workers showed
that this should be 1.5:1 for Ising models. However, in bis-
muth ferrite, we suggest that the system is not Ising-like and
note that our values of T�Néel� and T�spin glass� are very
similar to those in YFeO3.22
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